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ABSTRACT
We present the first complete multiband observations of a binary asteroid mutual event. We obtained
high-cadence, high-signal-to-noise photometry of the UT 2018 April 9 inferior shadowing event in the
Jupiter Trojan binary system Patroclus-Menoetius in four Sloan bands — g′, r′, i′, and z′. We use an
eclipse lightcurve model to fit for a precise mid-eclipse time and estimate the minimum separation of
the two eclipsing components during the event. Our best-fit mid-eclipse time of 2458217.80943+0.00057−0.00050
is 19 minutes later than the prediction of Grundy et al. (2018); the minimum separation between the
center of Menoetius’ shadow and the center of Patroclus is 72.5 ± 0.7 km — slightly larger than the
predicted 69.5 km. Using the derived lightcurves, we find no evidence for significant albedo variations
or large-scale topographic features on the Earth-facing hemisphere and limb of Patroclus. We also
apply the technique of eclipse mapping to place an upper bound of ∼0.15 mag on wide-scale surface
color variability across Patroclus.
Keywords: planets and satellites: surfaces — minor planets, asteroids: individual (Patroclus) —
techniques: photometric
1. INTRODUCTION
The origin and nature of Jupiter Trojans have re-
mained an enigma for many decades. The central ques-
tion remains whether these objects orbiting in 1:1 mean
motion resonance with Jupiter formed in situ or were
scattered inward from the outer Solar System and cap-
tured into resonance during a period of dynamical insta-
bility sometime after the end of planet formation (Gomes
et al. 2005; Morbidelli et al. 2005; Tsiganis et al. 2005).
While recent numerical modeling has demonstrated the
consistency of the latter scenario with current theories of
late-stage giant planet migration (e.g., Roig & Nesvorny´
2015), the definitive answer to the question of the Tro-
jans’ formation location will invariably come from ob-
taining a more detailed understanding of the physical
properties and composition of these objects.
The discovery of Menoetius, the nearly equal-size bi-
nary companion of Patroclus (Merline et al. 2001), es-
tablished the first multiple system in the Trojan pop-
ulation and provided the first estimate of a Trojan’s
bulk density. Subsequent analyses using resolved imag-
ing (Marchis et al. 2006; Grundy et al. 2018), thermal
spectroscopy during mutual events (Mueller et al. 2010),
and stellar occultations (Buie et al. 2015) have refined the
density estimate to the current value of 1.08±0.33 g/cm3.
This low density indicates that Patroclus-Menoetius’s
bulk composition is dominated by ices, with significant
porosity, similar to density measurements of cometary
nuclei. Such a compositional model points strongly to
an outer solar system origin of Trojans.
Theories of binary asteroid formation center around
two processes: capture or coeval formation. The former
process involves stochastic close encounters, between two
bodies, with capture occurring either via dynamical fric-
tion from surrounding objects, energy exchange during
gravitational scattering of a third body, or capture of
fragments from a collision (e.g., Goldreich et al. 2002).
Within the context of dynamical instability models of
solar system evolution, Patroclus-Menoetius could have
formed via capture early on during the planet formation
stage, after the planet formation stage prior to the in-
stability in the outer Solar System, or following the scat-
tering of Trojans into their current orbits. The latter
process of coeval formation forms binaries through the
gravitational collapse of locally concentrated swarms of
planetesimals (e.g., Nesvorny´ et al. 2010).
While coeval formation has a strong tendency to pro-
duce near-equal binary components, capture typically re-
sults in large size discrepancies between the two compo-
nents. Therefore, the near-equal sizes of Patroclus and
Menoetius point toward coeval formation. Furthermore,
coeval formation always produces companions with iden-
tical compositions, while capture scenarios can yield het-
erogeneous pairs. Detailed study of Kuiper Belt bina-
ries has revealed a preponderance of equal-color pairs,
whereas the average system colors span the full range
of colors seen in the overall population (Benecchi et al.
2009). If recent dynamical instability models are true,
and the Trojans were scattered into their current or-
bits from the outer Solar System, then one would ex-
pect Patroclus-Menoetius to also have identical colors as
a result of coeval formation in the early Solar System.
Comparisons of the properties of the two binary com-
ponents provide a powerful empirical test of binary for-
mation theories. In particular, the measurement of dis-
crepant physical properties between Patroclus and Me-
noetius would immediately rule out coeval formation. It
has been hypothesized for over a decade that the Tro-
jans are comprised of two color sub-populations with dis-
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2tinct photometric and spectroscopic characteristics (e.g.,
Roig et al. 2008; Wong et al. 2014), and within the
framework of dynamical instability models, these two
sub-populations formed in different regions of the outer
protoplanetary disk (Wong & Brown 2016). If Pa-
troclus and Menoetius are found to belong to different
sub-populations, then it means that the binary system
formed via capture during or after the period of dynami-
cal instability, when the two sub-populations first mixed.
The unique nature of the Patroclus-Menoetius system
has made it a prime target for detailed study, and it is one
of five Trojan asteroids that will be visited by the space
probe Lucy. An extensive effort has begun to better char-
acterize the Trojan targets in order to maximize the mis-
sion’s scientific yield. In 2017–2019, Patroclus-Menoetius
was in a mutual event season when eclipse and occulta-
tion events were visible from Earth. We obtained multi-
band photometric observations of an inferior shadowing
event as Menoetius’ shadow passed across Patroclus on
UT 2018 April 9. In this paper, we present high-cadence,
high-signal-to-noise lightcurves in four bands and fit the
eclipse lightcurves to produce a precise mid-eclipse tim-
ing and estimate of the relative separation of the eclipsing
components at mid-eclipse. We also use the technique of
eclipse mapping, a first in the study of binary asteroids,
to derive constraints on surface heterogeneity from the
resultant color lightcurves.
2. OBSERVATIONS AND DATA ANALYSIS
We observed the UT 2018 April 9 Patroclus-Menoetius
inferior eclipsing event using the then newly-installed
Wafer-scale Imager for Prime (WaSP) instrument on the
200-inch Hale Telescope at Palomar Observatory. The
science detector in WaSP is a 6144×6160 CCD with a
pixel scale of 0.18′′. We chose a 2048×2048 sub-array to
reduce readout time and increase the cadence of our ob-
servations. As the shadow of Menoetius passed across the
surface of Patroclus, we imaged the system in four Sloan
filters — g′, r′, i′, and z′ — with individual exposure
times of 30, 20, 20, and 45 s, respectively, which yielded
a target signal-to-noise of at least 100 in all bands. Filters
were cycled in the order g′-r′-i′-z′, producing a uniform
cadence of roughly 5.5 minutes in each band, after ac-
counting for readout and filter changes. Bias frames and
dome flats were acquired at the beginning of the night
prior to science observations.
Observing conditions at Palomar ranged from average
to poor throughout the night. The sky was mostly clear,
with a few isolated bands of thin, high-altitude clouds
passing through at various points during the night. The
seeing was poorest at the beginning of the observations,
prior to the start of eclipse; before UT 5:00, the typi-
cal seeing exceeded 1.6′′, going as high as 2.1′′ at times.
The remainder of the night saw significantly better see-
ing, averaging around 1.2-1.3′′, with the exception of a
roughly 30-minute period around UT 8:00, when there
was a spike in the seeing to over 1.6′′, likely associated
with the passage of a few tenuous bands of high-altitude
clouds across the vicinity of the observing field. There
was also an increase in the seeing during the final 45
minutes of observation. These periods of relatively poor
seeing can be identified by the corresponding notable in-
crease in scatter in the lightcurves during those times.
Image processing and photometric calibration were
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Figure 1. Apparent magnitude lightcurves of the Patroclus-
Menoetius system prior to, during, and following the inferior eclips-
ing event in the Sloan g′, r′, i′, and z′ bands. The vertical axis
denotes increasing brightness (decreasing magnitude). Periods of
larger scatter correspond to times of poorer observing conditions
and higher seeing. The overall increased scatter in the z′-band
lightcurve is attributed to discernible residual fringing on the im-
ages.
carried out using standard techniques. After the im-
ages were bias-subtracted and flat-fielded, the centroid
positions and fluxes of bright sources in each image
were obtained using SExtractor (Bertin & Arnouts 1996).
These sources were then matched with stars in the Pan-
STARRS DR1 catalog (Flewelling et al. 2016) to produce
an astrometric solution and a photometric zeropoint.
Our pipeline then automatically queried the JPL Hori-
zons database for the position of Patroclus-Menoetius at
the time of the exposure, identified the corresponding
source on the image, and computed its apparent magni-
tude. Photometric extraction was carried out using a va-
riety of fixed circular aperture sizes with diameters rang-
ing from 8 to 24 pixels, choosing the optimal aperture for
each exposure that minimizes the resultant photometric
error. The median optimal aperture diameters in the
four bands are 20, 11, 16, and 17 pixels, corresponding
to radii of 1.80′′, 0.99′′, 1.44′′, and 1.53′′, respectively.
In Figure 1, the apparent magnitude lightcurves are
plotted in each band; the individual 1σ uncertainties are
a quadrature sum of the propagated photometric errors
stemming from the measured fluxes and the zeropoint
uncertainties. The eclipse produced a roughly 0.15 mag
dimming of the total system brightness in each of the
four bands. The median photometric uncertainties are
0.0079, 0.0085, 0.0067, and 0.0074 mag in g′-, r′-, i′-,
and z′-band, respectively. A handful of outliers are dis-
cernible, for example, two in the r′-band lightcurve at
around UT 8:00 and 10:20. Visual inspection of these
images did not reveal cosmic rays or any obvious chip
artifacts that could have affected these points. By chang-
ing the extraction aperture used for those exposures, we
found that the saliency of these outliers showed notable
variation, suggesting a non-astrophysical cause. We also
note that all of the outlier exposures occurred during the
periods of increased seeing mentioned previously. We
have chosen to leave them in the lightcurves presented in
this paper.
3In z′-band images, there was discernible residual fring-
ing on the flux arrays, even after flat-fielding, particu-
larly in the northeast corner. While the target mostly
avoided the regions of the detector with the most severe
residual fringing, there is still a noticeable effect in the
z′-band lightcurve, as manifested by the larger scatter in
the photometry on short timescales and larger than ex-
pected photometric zeropoint errors. We do not attempt
to correct for fringing, and while we present the z′-band
lightcurve in Figure 1, we do not utilize or discuss the
z′-band photometry in the following analysis.
3. DISCUSSION
3.1. Eclipse lightcurve fit
To derive estimates of the mid-eclipse time and the
extent of the eclipsed region, we use a custom transit
model to fit the i′-band lightcurve, which has the smallest
median photometric error. Since the eclipsed region of
Patroclus is non-illuminated, we can equivalently model
the eclipse event as an occultation.
The mutual orbit of the binary system is consistent
with circular, so we fix the eccentricity to zero. We fix the
orbital period and semimajor axis to the values reported
and assumed in the mutual event predictions of Grundy
et al. (2018): P = 4.282680 days, a = 688.5 km. Both
components are significantly non-spherical, and model-
ing from occultation and rotational phase curves yields
a triaxial radius ratio of α : β : γ = 1.3 : 1.21 : 1; the
long dimension of each object lies along the line con-
necting the two objects, while the shortest dimension is
aligned with the angular momentum vector of the binary
system (Buie et al. 2015). During a mutual event, the
sky-projected shapes of Patroclus (1) and Menoetius (2)
are ellipses with semimajor axis values of β1 = 117 km,
γ1 = 98 km and β2 = 108 km, γ2 = 90 km, respectively.
We fit for the center of eclipse time Tc and the apparent
orbital inclination i, which is defined relative to the sky
plane so that i = 90◦ is a perfectly edge-on occultation
where the centers of the two objects align at mid-event.
For each pair of Tc and i values in the Markov Chain
Monte Carlo (MCMC) chain, we use the orbital shape
and period to derive the relative separation vector be-
tween the two components at every point in the time
series. To compute the amount of Patroclus blocked by
Menoetius’ shadow, we use a Python-based code1 to cal-
culate the overlapping area of the two ellipses, which is
based on the algorithm described in Hughes & Chraibi
(2012). We also fit for a constant multiplicative factor to
normalize the out-of-eclipse lightcurve to unity.
We modify the transit model to account for the fact
that Menoetius is illuminated, which dilutes the transit
signal relative to the case where the secondary is dark. If
the lightcurve of the eclipsed object Patroclus is modeled
as λ(t), then the total lightcurve of the binary system is
(λ(t)+f2)/(1+f2), where f2 is the brightness of the sec-
ondary Menoetius relative to Patroclus. If Patroclus and
Menoetius were identical in albedo, then the brightness
ratio would be equal to the ratio in sky-projected areas:
f2 = β2γ2/β1γ1. While it is reasonable to assume that
the two components are largely identical in composition
and therefore should have very similar albedos, given the
1 https://github.com/chraibi/EEOver
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Figure 2. Top panel: i′-band lightcurve of the mutual event
(blacks points) along with the best-fit eclipse lightcurve model
(blue line). The out-of-eclipse combined brightness of Patro-
clus and Menoetius is normalized to unity. Vertical black lines
indicate the best-fit mid-eclipse time and uncertainties: Tc =
2458217.80943+0.00057−0.00050; the red line shows the mid-eclipse time
predicted by Grundy et al. (2018): 2458217.7965. Bottom panel:
corresponding residuals from the fit. The scatter in the residuals
is 0.0048, while the median per-point flux uncertainty in 0.0030.
likely formation mechanism of such near-equal mass bi-
naries (see Section 1) and the markedly narrow albedo
distribution of the Trojan asteroid population as a whole
(e.g., Romanishin et al. 2018; Ferna´ndez et al. 2003), we
nevertheless account for our uncertainty in the albedos of
the individual components: we set a multiplicative scal-
ing factor on f2 and place a Gaussian prior on its value
centered on unity with a standard deviation of 20%, con-
sistent to the variance in the measured geometric albedos
of large Trojans (e.g., Ferna´ndez et al. 2003; Romanishin
et al. 2018).
The best-fit eclipse lightcurve is plotted in Figure 2.
We have removed the fourth data point prior to the final
fit, which is more than 3σ discrepant from the best-fit
eclipse model. The lightcurve is normalized such that
the combined out-of-eclipse brightness of Patroclus and
Menoetius is unity. The scatter in the residuals is 0.0048,
compared to a median relative flux uncertainty of 0.0030,
indicating significant non-white noise in the lightcurve
attributable to the periods of poorer observing conditions
at the beginning and towards the end of the night. We
measure a mid-eclipse time (in Julian days) of
Tc = 2458217.80943
+0.00057
−0.00050, (1)
which corresponds to UT 2018 April 9 7:25:35 with an
uncertainty of 46s. This is 19 minutes later than the
predicted center of eclipse in Grundy et al. (2018).
Meanwhile, we obtain a precise relative inclination es-
timate of i = 83.95 ± 0.06 deg. We can compute the
sky-projected separation dmin of the center of Patroclus
and the center of Menoetius’s shadow at mid-eclipse:
dmin = a cos(i) = 72.5± 0.7 km. (2)
4Grundy et al. (2018) reported a predicted minimum sep-
aration between the centers of the two eclipsing bodies
of 69.5 km. The greater separation derived from our fit
indicates a more grazing shadowing event than predicted
and points toward a slight inaccuracy in the orbital pole
obliquity calculated in Grundy et al. (2018). We remind
the reader that during this event, it is the shadow of Me-
noetius that occults Patroclus. The disk of Menoetius
itself does not interact with the disk of the primary.
3.2. Surface properties
Various physical and compositional properties of the
surface are expressed in the eclipse lightcurves. When
looking in one photometric band, comparison between
the observed lightcurve and the best-fit eclipse model
provides constraints on albedo variations across the
eclipsed region of the primary as well as the shapes of
both binary components. Significant covariant devia-
tions in the residuals from a flat line may indicate patches
of enhanced or reduced reflectivity on the primary or
significant deviations along the limb from that of a sky-
projected ellipse. Examining the residuals from our best-
fit eclipse model in Figure 2, we do not discern any statis-
tically significant deviations indicating non-uniform re-
flectivity or non-ellipsoidal shapes for the primary disk
and secondary shadow.
Leveraging photometric lightcurves at multiple wave-
lengths provides additional information about the level of
color variation across and between the two binary com-
ponents. As the shadow of Menoetius eclipses Patroclus,
the contribution of the shadowed region to the average
color of the system is removed. By examining the resul-
tant color lightcurves, one can piece together the color
distribution of the eclipsed region in a technique known
as eclipse mapping. This powerful method allows one
to potentially extract spatial information about the tar-
get from spatially unresolved images. For each pair of
photometric lightcurves, we use linear interpolation be-
tween adjacent points in the second lightcurve’s time se-
ries to calculate the magnitudes in the second filter at
the time sampling of the first lightcurve’s time series.
We then subtract the resampled lightcurves from one
another, adding the propagated uncertainties in quadra-
ture. Figure 3 shows the three color lightcurves derived
from the g′-, r′-, and i′-band lightcurves in Figure 1. We
have omitted the color lightcurves involving z′-band due
to the effect of residual fringing (see Section 2).
The color lightcurves are generally very smooth, with
no large deviations and almost all points lying well within
1.5σ of the average color across the observations. We
note that the regions with increased short-term varia-
tion and the largest color deviations correspond precisely
to the periods during our observations when seeing was
poor and highly variable (see Section 2). Given the graz-
ing nature of this eclipse event, we are only sensitive to
very large color variations on small scales. The most
stringent constraints on color variability can be derived
from comparing the mid-eclipse color, when the eclipsed
region is at its maximum, with the out-of-eclipse color.
For all color lightcurves, the mid-eclipse color value is
well within 1σ of the out-of-eclipse color, so we place 1σ
upper bounds on the color variability using the median
color uncertainty from the lightcurves, σc.
To quantify these constraints, we consider two cases.
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Figure 3. Color lightcurves derived from the photometric
lightcurves in Figure 1, showing minimal variations during the
shadowing event. The vertical solid and dashed lines indicate mid-
eclipse and the beginning/end of the eclipse event, respectively.
Almost all points in the color lightcurves are consistent with a flat
line to within 1.5σ. The two notable outliers at around UT 8:00
and 10:20 in the g − r and r − i lightcurves stem from two outlier
points in the r′-band lightcurve (see Figure 1).
The first case seeks to constrain the difference between
the average color of the eclipsed region on Patroclus
c∗ and the average color c of the uneclipsed regions on
both objects. The change in the measured color of the
combined system between the out-of-eclipse baseline and
mid-eclipse is weighted by the ratio of the maximum
eclipsed area A∗ to the uneclipsed area A1 + A2 − A∗,
where A1 = piβ1γ1 and A2 = piβ2γ2 are the sky-projected
areas of Patroclus and Menoetius, respectively. The
maximum eclipsed area of Patroclus, as derived from
our eclipse model fit in Section 3.1, was 12.4% of its
sky-projected disk: A∗ = 1110 km2. From here, the dif-
ference in color ∆c1 ≡ |c∗ − c| is given by
∆c1 = σc
A1 +A2 −A∗
A∗
. (3)
For the g − i color variability, for example, we have
σg−i = 0.0092 and establish an upper limit of ∆c1,g−i =
0.13 mag, with similar constraints for the other colors.
The second case assumes that the two components have
different colors, c1 and c2, but are individually uniform in
color. A similar derivation yields the following expression
for ∆c2 ≡ |c2 − c1|:
∆c2 = σc
(A1 +A2 −A∗)(A1 +A2)
A∗A2
. (4)
The constraints on ∆c2 are much looser. For g − i, this
upper limit is ∆c2,g−i = 0.28 mag.
Starting with the second constraint, we see that the
small maximum shadow coverage of Patroclus prevents
us from deriving particularly useful upper limits on the
difference in color between the two components. For
comparison, the two color sub-populations in the Tro-
jans have mean g − i colors of 0.73 and 0.86 (Wong
et al. 2014; Wong & Brown 2015), so a larger eclipsed
area and/or more precise photometry would be needed
to confidently rule out a binary comprised of components
from two different sub-populations using lightcurves like
5these. Typical color differences between the components
of KBO binary systems are also significantly smaller than
our upper bound constraint (e.g., Benecchi et al. 2009).
The first constraint reflects the level of large-scale sur-
face inhomogeneities across Patroclus. This much more
stringent constraint suggests that the surface of Patro-
clus is quite homogeneous. When comparing with other
ice-rich asteroids and satellites that have well-mapped
surface color distributions, we find that those larger bod-
ies, such as Pluto, Europa, Ceres, and Triton, have sig-
nificantly higher levels of color variability than Patro-
clus across physical scales comparable to the relative area
probed by our eclipse measurements. In addition, those
objects also display significant localized albedo variations
across the surface, which we do not detect on Patroclus
from our measurements.
The relative homogeneity of Patroclus is consistent
with theories regarding the formation and evolution of
Trojans and similar objects. Whereas the larger bodies
like the Galilean satellites and dwarf planets accreted suf-
ficient material to gravitationally circularize, internally
differentiate, and, in some cases, bind tenuous atmo-
spheres, leading to secondary geological processes that
continue to be active in the present day, smaller bod-
ies like the Trojans would have formed as undifferenti-
ated ice-rock agglomerations, similar to cometary nuclei,
without sufficient gravity or internal heating to undergo
further physical or compositional alterations (e.g., Wong
& Brown 2016). These primitive objects would have a
uniform composition throughout and develop a homoge-
neous irradiation mantle across their entire surfaces.
Such a formation scenario does not preclude occasional
instances of surface inhomogeneities due to minor cra-
tering events. Areas of pristine material excavated by
impacts might have much higher albedo than the ∼5%
typical of Trojans (e.g., Ferna´ndez et al. 2003). Likewise,
these newly-exposed regions might have a distinct color
from the rest of the radiation-reddened surface (Wong &
Brown 2016). Both the reflectivity and color inhomo-
geneities would be detectable using high-precision multi-
band lightcurves of mutual events similar to the ones
presented in this work.
4. SUMMARY
In this paper, we presented multiband photomet-
ric observations of the UT 2018 April 9 inferior
shadowing in the Patroclus-Menoetius system. Our
short-cadence high-signal-to-noise lightcurves provided
a precise mid-eclipse timing measurement, Tc =
2458217.80943+0.00057−0.00050, which is later than the predic-
tion from Grundy et al. (2018) by almost 20 minutes.
Eclipse lightcurve modeling showed that the eclipse mag-
nitude was slightly less than predicted, with a minimum
separation distance of 72.5 ± 0.7 km between the cen-
ters of Patroclus and Menoetius’ shadow at mid-eclipse.
Through an analysis of the color trends derived from the
photometric lightcurves, we placed a moderately tight
upper bound on the level of surface variability across
Patroclus, in agreement with the predictions from for-
mation models of primitive icy bodies. Meanwhile, the
grazing nature of the event prevented us from ruling out
a mixed binary scenario with components from differ-
ent color sub-populations. Nevertheless, our analysis
demonstrated the applicability of the eclipse mapping
technique to the study of binary asteroids. Future work
combining the observations of Patroclus-Menoetius from
the 2017–2019 mutual event season with previous mea-
surements will greatly improve the orbital parameters of
the system. New orbital fits and shape models will en-
able more detailed planning of the Lucy flyby encounter
of the Patroclus-Menoetius system in 2033.
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